During high velocity oxy-fuel (HVOF) thermal spraying, most powder particles remain in solid state prior to the formation of coating. A finite element (FE) model is developed to study the impact of thermally sprayed solid particles on substrates and to establish the critical particle impact parameters needed for adequate bonding. The particles are given the properties of widely used WC-Co powder for HVOF thermally sprayed coatings. The numerical results indicate that in HVOF process the kinetic energy of the particle prior to impact plays the most dominant role on particle stress localization and melting of the particle/substrate interfacial region. Both the shear-instability theory and an energy-based method are used to establish the critical impact parameters for HVOF sprayed particles, and it is found that only WC-Co particles smaller than 40 lm have sufficient kinetic and thermal energy for successful bonding.
Introduction
High velocity oxy-fuel (HVOF) thermal spraying can generate coatings with higher density, superior bond strengths and less decarburization than other thermal spray processes, which is attributed mainly to its outputs of sprayed particles with high impact velocities and relatively low peak temperatures. Powder particles, normally in the range of 5-65 lm [1] , are fed into HVOF guns where they are heated and accelerated up to 1200 m/s before deposited on the substrate. A downstream powder injection is adopted for liquid fuelled HVOF guns [2, 3] , where shorter particle residence times in the flame and subsequent lower particle temperatures reduce dissolution, oxidation [4] and decomposition of metal powders. The computational analysis of HVOF sprayed WC-Co particles shows that most particles are in solid state prior to impact for a typical stand-off distance of 0.32 m and only particles smaller than 5 lm are in liquid form [5] . The impingement of liquid droplets including spreading, break-up, air entrapment and solidification has been studied and reported in [6, 7] , while the solid particle impact and its subsequent bonding mechanism has not been well understood. A practical problem for HVOF coating is the difficulty to achieve a deposition rate larger than 60%. Given the rising costs of materials such as WC-Co powders, even a small increase of deposition efficiency could lead to a substantial saving for the coating industry. It is therefore important to understand the bonding mechanism between particle and substrate, i.e., the intricate interaction with kinetic/thermal energy and particle inter-locking for an effective control of the process.
The operation of cold spraying in certain extent exhibits resemblance to the HVOF coating, while particles gain more kinetic energy with less heat input. The experimental observation [8] [9] [10] [11] and numerical models [12] [13] [14] of the deformation of solid particles from cold spraying show that bonding is a result of extensive plastic deformation and related phenomena at the impact interface. Quantitative analyses [12] [13] [14] on the relationship between the deposition efficiency and particle impact velocities indicate a critical particle velocity for successful bonding, i.e., solid particles below the critical velocity rebound from the substrate causing densification and abrasion similar to shot pinning method while particles above this critical velocity deform plastically and bond on the substrate. Thermal softening from the plastic deformation needs to overcome the strain-hardening effect occurring in a thin region at the contact interface which causes thermal-plastic shear-instability [15, 16] and is attributed to bonding [14] . In addition to the above shear-instability theory, an energy model-based method [17] has been proposed to use adhesion and elastic energies to derive the critical bonding velocities. The modeling approaches have been applied to cold spraying to establish the effect of process parameters on the deposition efficiency. However, in the context of HVOF where both thermal and kinetic energies are present, quantitative studies on particle impact parameters influencing the bonding process are scarce. Only recently modeling of HVOF sprayed SS 316 powder is reported [25] . Considering the low deposition rate (<50%) for HVOF sprayed particles, more systematic study needs to be followed in this direction to underpin the bonding mechanism between the particles and substrates. This paper aims to use computational models to examine the bonding mechanism of HVOF thermal spray coatings and to establish the critical impact velocities using both the shear-instability and the energy-based methods. The popular WC-Co powders are selected and the particle parameters prior to impact are taken from the CFD in-flight particle models reported in [5] . As a first step to model the solid impact process of HVOF coating, the particles are treated as sphere in the present investigation. In a future study, the model will be refined to consider the irregular morphology of WC-Co powder.
Model development
The solid impact dynamics are analyzed by using the commercially available finite element (FE) solver ABAQUS/explicit [18] . The model accounts for strain-hardening, thermal softening and heating due to frictional and plastic dissipation. Due to the very small particle size and time scale (nanoseconds) related to HVOF particle impact process, heat transfer from particle to substrate and vice versa can be effectively neglected so that heating is assumed to be adiabatic [12, 14] . The material properties are summarized in Table 1 . The elastic response of the material follows a linear elasticity model which is adequate for most impact cases. The plastic response of WC-Co is assumed to comply with the widely used Johnson-Cook plasticity model [19] as follows:
where c p is the average plastic shear strain; _ c 0 is the reference shear strain rate; _ c is the imposed shear strain rate; T 0 is the impact temperature; T m is the melting temperature; b is the work to heat conversion factor (based on the empirical assumption that 90% of the kinetic energy is dissipated to heat allowing for heat conduction within the particle); c p is the heat capacity; q is the density; A, B, C, m and n are material-dependent constants taken from [24] : static shear strength, strain-hardening modulus, strain rate sensitive coefficient, thermal softening exponent and strain-hardening exponent, respectively. For the energy-based calculations, the energy required [20, 21] for the particle to bounce from the substrate is expressed as
where m p and u p are the mass and velocity of the particle. The expression of the recoil coefficient c r can be found in [22] and is not shown here for brevity. The strain-hardening, thermal softening and deformation localization needed for the calculation of the recoil coefficient are provided from the Johnson-Cook plasticity model. The energy required [23] to detach a bonded particle from the substrate is given by:
where A max is the maximum adhesion energy, and a% is the relative strength of bond between the particle and substrate which is mainly affected by particle velocity and contact temperature. Detailed expressions for the maximum adhesion energy and relative bond strengths can be found in [22] . The impact process is contained in a three-dimensional (3D) domain shown in Fig. 1 . The substrate dimension is chosen to be five times larger than the particle diameter to avoid possible effects on the particle-substrate deforming zones from the boundary nodes. The substrate bottom face is constrained in all directions, while the other faces are set to free. Grid sensitivity analyses have shown that mesh size plays a dominant role on material heating and consequently to shear flow localization [14] . For this reason very fine meshes are employed for both the particle and substrate. For instance, the 40 lm particle has a mesh size of 0.5 lm corresponding to approximately 700,000 four-node linear tetrahedron elements. The velocity and temperature of spray particles prior to impact on the substrate are taken from the CFD in-flight particle models [5] according to the chosen diameters. The monitor node is randomly selected on the surface of the impacting particle at a location where intensive plastic deformation is expected. The monitored node as shown in Fig. 1 is used for the output of results concerning temporal evolution of temperature and flow stress.
Results and discussions
The simulation is for WC-Co particle impact on stainless stain substrate which has a uniform temperature of 300 K. The particle parameters are varied in terms of particle diameter, impact velocity and temperature. Particles of 40 lm in diameter are selected as the baseline particle in this study.
Particle impingement
The temperature contours from spray particles having a temperature of 800 K and landing at 300 m/s and 500 m/s, respectively, are presented in Fig. 2 for selected impact times. The particle starts to deform immediately after impact, causing the formation of a crater on the substrate. In the early stage of the impingement (30 ns), the deformation of the contact surface is evident and the crater size increases in width and height to accommodate the deformed particle as the particle penetrates deeper into the substrate. At 130 ns, when the particle kinetic energy has fallen to zero, the particle flattens to a lens-like shape. The particle experiences extensive deformation with the maximum plastic strain scatters within the contact zone rather than concentrates at the centre point of impact. At the localized contact interface significant temperature increase is observed as a result of kinetic energy being converted to internal energy and part of it to plastic work (dissipated as heat). In this region, the temperature rises to 1171 K at 130 ns. It should be noted that the particle/substrate interface (contact surface) never reaches the melting point of 1640 K under the impact velocity of 300 m/s. The contact surface temperatures at 130 ns are shown in Fig. 3 , where the interfacial region for the particle is on the top and the substrate at the bottom. The results show that the temperature is not uniformly distributed over the surfaces due to different plastic strain rates. A higher temperature is observed along the highly deformed zones around the edge of the particle than that at the centre. The temperature contours on the substrate surface indicate that the temperature increase is much lower than that of the particle, which is attributed to the smaller plastic deformation experienced by the substrate during impact. Fig. 2 . Particle temperature contours for 40 lm particle with impact temperature of 800 K. Fig. 3 . Interfacial temperature contours for 40 lm particle with impact temperature of 800 K particle at 130 ns (top: particle contact surface; bottom: substrate crater).
A significant difference is observed when the particle impact velocity is increased from 300 m/s to 500 m/s. On the right side of Fig. 2 , the particle is penetrating deeper into the substrate, whilst the edges of the particle are pulled outwards forming a jet-like shape in the periphery of the contact zone. The particle is plastically deformed in greater extent and the temperature at the interface reaches the melting point (1640 K). The melting of the particle at 500 m/s is more pronouncedly shown in Fig. 3 where a much larger melted area around the particle edge is clearly seen at 130 ns. Within this melted area the deformation mechanism of the particle has changed from plastic to viscous flow. The extensive thermal softening in this region results in a low resistance of the material to shear flow. Near the melting point the material loses its shear strength and undergoes excessive deformation. The result of such viscous-type flow can be explained by Raleigh-Taylor instabilities [7] which in turn promote adhesion through mutually conforming contacting surfaces. Due to these softening effects the particle is deformed in a greater extent than the substrate, resulting in lower crater surface temperature as shown in Fig. 3 (bottom right). The temperature on the substrate interface is also increased to 556 K at high impact velocity of 500 m/s. The prediction of particle deformation and possible melting from high speed particles is also confirmed by results obtained with cold spraying experiments [8] [9] [10] [11] .
Effect of particle impact velocity
In this study, the particle remains at the impact temperature of 800 K while the impact velocities are varied at 300, 400 and 500 m/s. The temperature and flow stress evolution on the monitored node, which undergoes the highest amount of deformation within the particle, are shown separately in Figs. 4 and 5. The temporal development of temperature in the monitored node for velocities smaller than 500 m/s follows the same trend as that of flow stress. The temperature reaches the melting point at the impact velocity of 500 m/s whereas in other cases it remains well below the melting point. An increase of 100 m/s in the impact velocity results in a temperature increase of almost 400 K in the critical element. For impact velocities smaller than 500 m/s, the stress profiles increase along with the impact velocity, which is attributed to the loading conditions and thermal softening effect. A significant change in stress development occurs when the impact velocity reaches 500 m/s. As the melting temperature is reached the variation of stress is characterized by instabilities and a decrease in the overall magnitude close to zero. This drop of flow stress can be explained with respect to the change of deformation mechanism from plastic to viscous. Under such conditions the shearing and heating becomes highly localized while the straining and heating practically stops. From the temperature plot in Fig. 4 , no further heating of the material is observed under stress localization at 500 m/s. Consequently, more effective bonding of the particle on the substrate is achieved under such conditions [14] .
Effect of particle impact temperature
Unlike cold spray, in HVOF process the particles are accelerated through momentum transfer from hot combusting gases. Apart from the kinetic energy, heat is also being transferred to the particles from the surrounding gas flow. It remains an open question whether kinetic or thermal energy is the driving force for successful particle bonding. To address this issue, different particle impact temperatures, namely 1000 K, 1200 K and 1300 K, are used with the same impact velocity of 300 m/s. The effect of initial temperature on the thermal and stress behavior of the particle upon impact is shown in Figs. 6 and 7 . The evolution of temperature and flow stresses follows the same pattern as described above when the impact velocity is increased gradually. Similarly, the increase of impact temperature with impact velocity fixed results in an increase of critical element temperature. The difference is that the temperature rise is proportionally increased with impact temperature, i.e., the exact amount of 300 K is gained by the critical element when the impact temperature increases from 1000 K to 1300 K. Whereas, the increase of impact velocity from 300 m/s to 500 m/s contributes to an increase of $600 K for the critical ele- ment. These results indicate that the plastic work being dissipated to heat is not significantly altered at different particle impact temperatures. The kinetic energy being converted to heat in these cases remains the same and the difference in final critical element temperature is attributed to the impact temperature plus a constant heat for all cases from plastic work dissipation. The comparison clearly demonstrates that the kinetic energy of the particle prior to impact is playing the most dominant role on particle stress localization and melting of the interfacial region. Practically this means that to improve the quality of HVOF coatings, more attention should be paid to increasing the momentum output rather than the thermal output.
Critical impact conditions
The above analysis is based on 40 lm particle size. In reality a wide range of powder distribution is used for thermally sprayed HVOF coatings. For this reason it is necessary to obtain information on critical impact velocities and temperatures with respect to particle size. Fig. 8 plots the critical velocity as a function of impact temperature for three particle sizes: 20, 40, and 60 lm. The results indicate that a proportional increase of critical velocity is required as the particle becomes larger. The points marked with X represent the particle impact velocity and temperature obtained from computational fluid dynamics (CFD) models for in-flight particle dynamics from the HVOF gun [5] . For the particles located above the lines, the impact temperature and velocity are adequate to ensure bonding on the substrate. For the range of particles used, only powder sizes smaller than 40 lm have enough kinetic and thermal energy for successful bonding. Fig. 8 is created according to the bonding criterion of adiabatic shear-instability reported in [14] . An alternative method of finding the critical impact velocities for different particle sizes is by calculating the adhesion and rebound energies of the particle. A very good description and implementation of this method can be found in [22] . During impact an elastic collision takes place, followed by an elastic unloading during which the shape of the particle is recovered partially. The energy required to bounce the particle from the substrate during unloading is defined as rebound energy. Adhesion energy is defined as the energy for detaching the bonded particles from the substrate. Fig. 9 shows how the two types of energy change as a function of impact velocity. The particle is assumed to attach onto the substrate when the adhesion energy is higher than the rebound energy. For low impact velocities, the adhesion energy is lower than the rebound energy and the particle cannot be deposited. The impact velocity where the two curves intersect is the critical velocity. The optimum impact velocity for maximum deposition efficiency exists at the peak value of adhesion energy minus rebound energy. The optimum impact velocities are listed in the top right of Fig. 9 . The energy-based results are in good agreement with the previous observation of critical velocity of about 450 m/s for the 40 lm particles. The results are also applicable to critical impact velocities for different particle sizes and the energy curves intersect at different velocities for different particle sizes are shown in Fig. 9 .
Conclusions
A FE model has been developed to study the impingement process and bonding mechanism of thermally sprayed HVOF particles. Insightful results on the intricate interaction between plastic deformation and bonding formation are obtained. This work provides the basis for future more realistic simulation such as coating build up. In case of multiple particle impact, different results are expected for particle spreading and temperature rise. This is because the already deposited layer absorbs the kinetic energy delivered to substrate by the impacting particle, which affects particle Particle Velocity (m/s) dp = 40µm at 800K Adhesion Energy dp = 40µm at 800K Rebound Energy dp = 20µm at 1000K Adhesion Energy dp = 20µm at 1000K Rebound Energy dp = 10µm at 1100K Adhesion Energy dp = 10µm at 1100K Rebound Energy Maximum deposition efficiency dp 40µm 520 m/s at 800 K dp 20µm 680 m/s at 1000 K dp 10µm 700 m/s at 1100 K temperature spreading and final splat shape. Furthermore the morphology of the surface on which particles are landing could play a dominant role on the impact dynamics. Particle rebound and void creation between the deposited layers are also possible to influence the results. The conclusions based on the current single particle simulation can be summarized as follows:
Due to thermal softening effects the particle is deformed in a greater extent than the substrate, resulting in a lower crater surface temperature compared to that of the particle interfacial region. The kinetic energy of the particle prior to impact plays the most dominant role on particle stress localization and melting of the interfacial region. Both the shear-instability theory and the energy-based method lead to the same critical impact velocity for adequate bonding of HVOF sprayed particles. For the range of particles simulated only powder sizes smaller than 40 lm have enough kinetic and thermal energy to result in successful bonding.
